Centromeres are determined by poorly understood epigenetic mechanisms. Centromeres can be activated or inactivated without changing the underlying DNA sequences. However, virtually nothing is known about the epigenetic transition of a centromere from an active to an inactive state because of the lack of examples of the same centromere exhibiting alternative forms and being distinguishable from other centromeres. The centromere of the supernumerary B chromosome of maize provides such an opportunity because its functional core can be cytologically tracked, and an inactive version of the centromere is available. We developed a DNA fiber-based technique that can be used to assess the levels of cytosine methylation associated with repetitive DNA sequences. We report that DNA sequences in the normal B centromere exhibit hypomethylation. This methylation pattern is not affected by the genetic background or structural rearrangement of the B chromosome, but is slightly changed when the B chromosome is transferred to oat as an addition chromosome. In contrast, an inactive version of this same centromere exhibits hypermethylation, indicating that the inactive centromere was modified into a different epigenetic state at the DNA level.
The functional centromere is specified by the presence of a special histone H3 variant, known as CENH3 in plants. The establishment and maintenance of centromeres are not defined by the underlying DNA sequences but, rather, are determined by epigenetic mechanisms (Allshire and Karpen 2008) . Centromeres can be inactivated (Earnshaw and Migeon 1985; Sullivan and Schwartz 1995; Han et al. 2006; Zhang et al. 2010 ), or they can also be activated as ''neocentromeres'' from non-centromeric regions (Williams et al. 1998; Nasuda et al. 2005; Marshall et al. 2008; Gong et al. 2009; Topp et al. 2009 ) or re-activated from a previously inactivated centromere (Han et al. 2009 ). Most strikingly, human neocentromeres were established at numerous locations associated with most chromosomes and are as fully functional as normal centromeres (Marshall et al. 2008) . Despite the extensive and compelling evidence for the epigenetic regulation of centromere establishment and maintenance, there has been limited information as to what epigenetic modifications are important or specific to centromeric chromatin. The slow progress of this important research subject is largely due to the fact that centromeres in most multicellular eukaryotes are composed of megabase-sized arrays of satellite repeats (Henikoff et al. 2001; Jiang et al. 2003) , which prevent DNA sequence-based fine mapping of epigenetic marks, such as DNA methylation and histone modifications.
Using an immunofluorescence assay on highly stretched meiotic pachytene chromosomes, we recently demonstrated a characteristic hypomethylation pattern associated with the satellite repeats in CENH3-associated chromatin (CEN chromatin) in both Arabidopsis thaliana and maize (Zea mays). In contrast, the same satellite repeats located in the pericentromeric regions were hypermethylated Koo and Jiang 2009 ). Thus, different members from the same satellite repeat family can either be hypomethylated or hypermethylated, depending on their association with CEN chromatin or with pericentromeric heterochromatin. In A. thaliana, the 178-bp centromeric repeats derived from CEN chromatin, which can be isolated by chromatin immunoprecipitation (ChIP) using anti-CENH3 antibodies, displayed a distinct distribution pattern of CG and CHG sites. This unique CG/CHG composition may provide the foundation for the differential methylation of these repeats from those located in pericentromeric regions .
The supernumerary B chromosome of maize provides an excellent tool for centromere research. The functional core of the B centromere, which is associated with CENH3, has been well characterized and consists of ;700 kb of complex repetitive DNA sequences (Jin et al. 2005) . To further reveal the methylation status of DNA sequences associated with centromeres, we developed a DNA fiber-based technique to assess the levels of cytosine methylation associated with repetitive DNA sequences. This technique permitted us to precisely map the cytosine methylation associated with different repetitive DNA sequences located in the maize B centromere. We report that the DNA sequences associated with the functional B centromere exhibit hypomethylation. This distinct DNA methylation pattern has been largely maintained after the B chromosome was transferred into an oat genetic background and after it has undergone significant structural rearrangements. However, inactivation of the B centromere resulted in a drastic increase of DNA methylation of its underlying sequences. Thus, we demonstrate that the DNA sequences associated with active and inactive B centromeres are associated with distinct cytosine methylation patterns.
Results

Development of a DNA fiber-based technique for mapping cytosine methylation
Methylation of repetitive DNA sequences is difficult to assess, especially when different members from the same repeat family are differentially methylated. Currently, the most common techniques for mapping DNA methylation, including genomic tiling arrays (Zhang et al. 2006; Zilberman et al. 2007 ) and shotgun bisulphite sequencing-based platforms (Cokus et al. 2008; Lister et al. 2008) , cannot be used for evaluating methylation associated with highly repetitive DNA sequences. Therefore, we developed a DNA fiberbased technique to assess the levels of cytosine methylation associated with repetitive DNA sequences by combining an immunofluorescence assay with fluorescence in situ hybridization (FISH) on extended DNA fibers (see Methods).
We first applied this technique on the 5S ribosomal DNA (5S rDNA) locus in rice (Oryza sativa) to prove its effectiveness in visualizing the differential methylation associated with a repetitive DNA element. Rice contains a single 5S rDNA locus that is located close to the centromere of chromosome 11 (Cen11) ( Fig. 1a ; Kamisugi et al. 1994) . Rice centromeres contain a 155-bp centromere-specific satellite repeat CentO, ranging from ;65 kb in Cen8 to ;2 Mb in Cen 11 (Cheng et al. 2002) . The entire CENH3 domain of Cen11 is embedded within the megabase-sized CentO array (Yan et al. 2008) . The 5S rDNA locus is immediately adjacent to the CentO array in Cen11 ( Fig. 1b; Supplemental Fig. S1 ).
An immunofluorescence assay using an antibody against 5-methylcytosine (5mC) revealed that the Cen11 region occupied by the CentO array is hypomethylated compared to the pericentromeric regions (Yan et al. 2010 ). This methylation pattern is similar to the pattern at A. thaliana and maize centromeres Koo and Jiang 2009 ). The 5S rDNA locus was located in the hypomethylation-hypermethylation transition zone of Cen11 (Fig. 1c) . We analyzed the 5mC signals associated with the 5S rDNA locus on extended DNA fibers. Significantly reduced 5mC signals were observed toward one end of each DNA fiber. The fiber section with a reduced level of 5mC accounted for 41.06% 6 4.86% (n = 32) of the length of the 5S rDNA fiber (Fig. 1d-f) . The centromeretelomere orientation of this low-methylated 5S rDNA section as being proximal to the CentO array of Cen11 was confirmed by comapping with a closely flanking BAC clone 46A04 on DNA fibers (Supplemental Fig. S2 ). This differential methylation pattern was observed on all 32 DNA fibers analyzed. Thus, we were able to consistently visualize the differential methylation of the DNA sequences located in the centromeric region of rice chromosome 11.
A distinct methylation pattern associated with the centromere of the maize B chromosome
The maize B centromere contains a B-specific satellite repeat, ZmB, which allows the identification of the B centromere from the other maize centromeres (Alfenito and Birchler 1993) . The functional B centromere, which is associated with CENH3, spans ;700 kb of DNA consisting of five separate arrays of the ZmB repeat ( Fig. 2 ; Jin et al. 2005) . Each of the five ZmB arrays is flanked by intermingled CentC satellite repeats and the CRM retrotransposons (Fig. 2) . Both CentC and CRM sequences are exclusively or highly enriched in the centromeres of both A and B chromosomes (Ananiev et al. 1998; Zhong et al. 2002; Jin et al. 2005; Lamb et al. 2005) . Along with the 700-kb centromere core domain consisting of ZmB and CentC-CRM sequences, both sides of this domain are also flanked by megabase-sized arrays of ZmB repeats (Fig. 2) . The B centromere can be readily identified on DNA fibers because of this unique composition of ZmB repeats ( Jin et al. 2005 ). The fiber-based DNA methylation assay revealed bright 5mC signals associated with all five ZmB arrays in the B centromere ( Fig. 2; Supplemental Fig. S3 ). In contrast, the intermingled CentC-CRM sequences flanking each of the five ZmB arrays were hypomethylated (Figs. 2, 3). We analyzed 15 independent DNA fibers, and no consistent 5mC signals were observed on the CentC-CRM sections in the B centromere. Sporadic fluorescent signals were detected on some DNA fibers. The positions of such signals on individual fibers were random, making it difficult to distinguish such signals from the background. Thus, such signals may represent either cytological artifacts or a low level of cytosine methylation that cannot be consistently detected by the present technique. The DNA methylation pattern of the B centromere is maintained in a rearranged B chromosome
We analyzed the DNA methylation associated with the centromere of a mini-B chromosome (Fig. 4a-c) . This mini-B chromosome was derived from the complex A-B translocation chromosome B-9-Dp9 (Han et al. 2007 ) and has undergone extensive rearrangements from breakage-fusion-bridge (BFB) cycles. The size of the mini-B chromosome was reduced to ;7% (7.43% 6 1.47%, n = 6) of the normal B chromosome, but it retained a fully functioning centromere ( Fig. 4b ) and showed faithful segregation and transmission in somatic cells. Fiber-FISH analysis indicated that the centromere of the mini-B chromosome was intact and contained all five distinct ZmB arrays (Fig. 4d) . Fiber-based 5mC mapping revealed that the mini-B centromere maintained an identical DNA methylation pattern as the normal B centromere (Fig. 4e,f ) .
The DNA methylation pattern of the B centromere is changed in an oat-maize B chromosome addition line
The maize B chromosome has been transferred to the genetic background of oat (Avena sativa) using wide crosses between oat and maize ( Fig. 5a,b ; Kynast et al. 2001) . In oat-maize chromosomal addition lines, the centromeres of maize chromosomes incorporate the CENH3 from oat ( Jin et al. 2004) . Fiber-based 5mC mapping revealed that the B centromere in the oat background displayed a similar DNA methylation pattern as in the normal B centromere in maize, as all five ZmB arrays were hypermethylated ( Fig. 5c-e) . However, we observed unambiguous 5mC signals associated with the CentC-CRM sequences immediately flanking the first ZmB array on nine of the 12 DNA fibers analyzed (Fig.  5e,f ) . In contrast, 5mC signals were not observed in the same region of the B chromosome in the maize background (Figs.  2, 3) . These results show that the DNA methylation of this flanking region was modified after the B chromosome was transferred into the oat background.
An inactivated B centromere showed a dramatically changed DNA methylation pattern Han et al. (2006) isolated a maize A-B translocation chromosome, 9-Bic-1. This translocation chromosome retains the majority of maize chromosome 9 and also contains a fragment from the B chromosome including a complete but inactivated B centromere ( Fig. 6a-d ; Han et al. 2006) . A fiber-based DNA methylation assay revealed nearly uniform 5mC signals throughout the inactivated B centromere (Fig. 6f-i) . The five ZmB arrays and their flanking CentC-CRM sequences in the inactivated B centromeres were equally methylated (Figs. 3, 6 ). Such a uniform methylation pattern was observed on all 15 different fibers analyzed. These results demonstrated that cytosine methylation is now associated with the CentC-CRM arrays after the inactivation of the B centromere.
Discussion
It has been well documented that CEN chromatin is composed of alternating blocks of nucleosomes that contain either H3 or CENH3 (Blower et al. 2002; Chueh et al. 2005; Yan et al. 2008) . Four of the 12 rice centromeres have been well characterized. The sizes of the functional cores of these four centromeres (Cen4, Cen5, Cen7, and Cen8) range from 420 kb to 820 kb and consist of five to seven CENH3 nucleosome blocks. Each CENH3 nucleosome block is flanked by H3 nucleosome blocks (Yan et al. 2008 ). The size (;700 kb) and structure (alternating ZmB and CentC-CRM sequence blocks) of the maize B centromere is highly similar to the four rice centromeres. Although the functional B centromere spans Methylation change was detected in a small region flanking the first ZmB array when the B chromosome is transferred to the genetic background of oats. In contrast, methylation was detected in the entire inactivated B centromere.
five ZmB repeat arrays, ZmB repeats were clearly not as enriched as the CentC repeats in ChIP experiments using anti-CENH3 antibodies ( Jin et al. 2005) . Thus, the majority of the ZmB repeats in the CEN chromatin are likely associated with H3 nucleosomes, while the flanking CentC-CRM sequences are associated with CENH3 nucleosomes.
CEN chromatin is embedded in pericentromeric heterochromatin (Sullivan and Karpen 2004; Cam et al. 2005) . In Schizosaccharomyces pombe, conditional deletion of a centromere resulted in the formation of neocentromeres that were recurrently located adjacent to telomeric heterochromatin (Ishii et al. 2008 ). In addition, synthetic heterochromatin on plasmid-based minichromosomes in S. pombe can promote de novo CENH3 and kinetochore assembly (Kagansky et al. 2009 ). These results suggest an intrinsic association of heterochromatin with the establishment and maintenance of CENH3 chromatin. However, the exact role of heterochromatin in centromere determination remains to be determined. It is well known that DNA sequences associated with heterochromatin are hypermethylated in higher eukaryotes. Heterochromatin may provide insulation for the CENH3 loading zone. Loading of newly synthesized CENH3 occurs in different cell cycle windows from that of H3 (Lermontova et al. 2006; Jansen et al. 2007 ). Hypomethylation of DNA associated with CEN chromatin may be more favorable to differential decondensation than the flanking H3 nucleosome blocks, which may aid the loading of newly synthesized CENH3. Thus, differential methylation of the ZmB and CentC-CRM blocks in the B centromere might be favorable for precise CENH3 loading and propagation in specific regions.
It is interesting to note that the inactivation of the B centromere resulted in a change of methylation of the CentC-CRM sequences. Both CentC and CRM elements are highly repetitive DNA elements, which typically are heavily methylated in plant genomes except for those associated with functional centromeres . We propose that propagation of CENH3 nucleosomes may prevent the methylation of the included DNA sequences and maintain them in a hypomethylated state. The positioning of nucleosomes influences DNA methylation in both plant and animal genomes (Chodavarapu et al. 2010) . CENH3 nucleosomes are substantially more conformationally rigid than H3 nucleosomes Sekulic et al. 2010) . Micrococcal nuclease digestion generates a smeared pattern for CEN chromatin, but a nucleosome ladder pattern for pericentromeric chromatin in yeasts (Polizzi and Clarke 1991; Baum et al. 2006) . Thus, the unique nucleosome structure of CEN chromatin may prevent methylation of the associated DNA sequences. Consequently, the loss of CENH3 leads to the underlying CentC-CRM sequences to be unprotected from DNA methyltransferases and to become heavily methylated after the B centromere inactivation.
Methods
Plant materials and chromosome preparations
A maize B73 line containing a B chromosome was used for cytological analysis of intact B chromosomes. A maize line containing the mini-B chromosome was derived from breakage-fusionbridge (BFB) cycles of the B-9-Dp9 translocation chromosome (Han et al. 2007 ). The maize line containing an inactivated B centromere was developed at the University of Missouri. The oatmaize B chromosome addition line was provided by Howard Rines and Ronald Phillips of the University of Minnesota. Rice variety Nipponbare was used for chromosomal and DNA fiber mapping of Cen11. Preparations of mitotic and meiotic chromosomes and superstretched pachytene chromosomes followed published protocols Cold Spring Harbor Laboratory Press on October 27, 2017 -Published by genome.cshlp.org Downloaded from (Cheng et al. 2001; Koo and Jiang 2009 ). All preparations were stored at À80°C until they were used.
FISH, fiber-FISH, and immunodetection of CENH3 and 5mC on chromosomes
The FISH and fiber-FISH procedures were conducted following previously published protocols (Jiang et al. 1995; Fransz et al. 1996) . DNA probes of the CentO repeat, 5S rDNA, and BAC 46A04 were labeled with digoxigenin-11-dUTP, biotin-16-dUTP, and/or DNP-11-dUTP, depending on whether two or three probes were used in a FISH experiment. After post-hybridization washes, the probes were detected with Alexafluor 488 streptavidin for biotinlabeled probes, and rhodamine-conjugated anti-digoxigenin for dig-labeled probe. The DNP-labeled probe was detected with rabbit anti-DNP, followed by amplification with a chicken anti-rabbit Alexafluor 647 antibody. Chromosomes were counterstained with 49,6-diamidino-2-phenylindole (DAPI) in Vectashield antifade solution (Vector Laboratories). The combination of FISH and immunodetection of CENH3 followed published protocols ( Jin et al. 2004) .
To detect 5mC on chromosomes, the slides were denatured in 70% formamide in 23 SSC (0.3 M NaCl, 30 mM trisodium citrate at pH 7.0) for 2.5 min at 80°C, washed for 5 min in ice-cold 70% ethanol, and incubated in 0.5% bovine serum albumin (BSA) in PBST (0.14 M NaCl, 8 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 2.7 mM KCl, 0.5% Tween 20) for 30 min at 37°C. The slides were subsequently incubated with mouse antiserum raised against 5mC (1:250) (Eurogentec) in TNB (0.1 M Tris-HCl at pH 7.5, 0.15 M NaCl, 0.5% blocking reagent). Mouse antibodies were detected using rabbit anti-mouse Alexafluor 488 antibody (Invitrogen).
Combining FISH and immunodetection of 5mC on extended DNA fibers DNA fibers were prepared according to published protocols ( Jackson et al. 1998) . For detection of 5mC on DNA fibers, slides were pretreated with 100 mg/mL DNase-free RNase A (Sigma) in 23 SSC for 30 min at 37°C and washed two times for 5 min each in 23 SSC. The slides were treated with 1 mg/mL pepsin (Roche) in 10 mM HCl for 10 min at 37°C and placed in ddH 2 O for 1 min to stop the reaction. The slides were washed two times in 23 SSC for 5 min each and dehydrated in 70% and 95% ethanol.
In most experiments we combined 5mC detection with FISH using a single DNA probe. In these experiments the FISH probe mixture (50% formamide, 10% dextran sulfate, 50 ng of labeled DNA in 23 SSC) was applied to the slide, covered with a coverslide (22 3 22 mm), and sealed with rubber cement. The slide was heated for denaturation for 3 min in an 80°C oven and then incubated for 14-18 h at 37°C. After hybridization the slide was washed in 23 SSC for 5 min at room temperature, 30% formamide in 23 SSC for 10 min at 42°C, 23 SSC for 5 min at room temperature, and 13 PBS (0.14 M NaCl, 8 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 2.7 mM KCl at pH 7.4) for 10 min at room temperature. The slide was treated with 0.5% BSA in PBST for 30 min to reduce nonspecific binding of the 5mC antibodies. The slide was then incubated with the anti-5mC antibody diluted 1:200 in the blocking solution for 20-24 h at room temperature.
The 5mC antibody and biotin-labeled probes were detected with red and green, respectively, using three successive layers of antibodies-Layer 1: rabbit anti-mouse IgG ( Jackson ImmunoResearch) 1:100 + avidin-FITC (Vector Labs) 1:100 in TNB; Layer 2: chicken anti-rabbit Alexafluor 594 (Invitrogen) 1:200 + biotinylated anti-avidin from goat (Vector Labs) 1:200 in TNB; and Layer 3: avidin-FITC 1:100 in TNB. All antibody incubations were done at 37°C; the first layer was incubated for 1 h and the last two for 45 min each. Antibody washes consisted of three successive washes, 5 min each at room temperature using TNT (0.1 M TrisHCl, 0.15 M NaCl, 0.05% Tween 20 at pH 7.5). A final wash in 13 PBS was performed, and the slides were drained and mounted in Vectashield without counterstaining dyes. After recording the fluorescence signals, the slides were washed in 4T (43 SSC/0.05% Tween 20) buffer for 1 h at 37°C and dehydrated in an ethanol series. The slides were reprobed with new FISH probes to detect additional sequences on the same fibers.
The fluorescence signals were captured using a Hamamatsu CCD camera. The images were processed with Meta Imaging Series 7.5 software using an Olympus BX51 epifluorescence microscope equipped with FITC-Cy3-Cy5-DAPI four-way filter sets (Olympus). 
